In this work we developed an embedded atom method potential for large scale atomistic simulations in the ternary tungsten-hydrogen-helium (W-H-He) system, focusing on applications in the fusion research domain. Following available ab initio data, the potential reproduces key interactions between H, He and point defects in W and utilizes the most recent potential for matrix W. The potential is applied to assess the thermal stability of various H-He complexes of sizes too large for ab initio techniques. The results show that the dissociation of H-He clusters stabilized by vacancies will occur primarily by emission of hydrogen atoms and then by break-up of V-He complexes, indicating that H-He interaction does influence the release of hydrogen.
Introduction
Tungsten (W) and tungsten based alloys are the primary candidate materials for plasma facing components (PFCs) in fusion reactors. In the DEMO and future commercial reactors PFCs will be exposed to unprecedented and unexplored irradiation conditions. The exposure to high-energy radiation, consisting of neutron damage, helium (He) and hydrogen (H) high temperature/flux plasma, severely damage the microstructure of the materials by violently displacing atoms from their lattice and thereby creating vacancy clusters, dislocation loops, voids and even microscopic bubbles and cracks. All the above mentioned radiation-induced processes cause profound macroscopic property changes that severely degrade the performance and lifespan limits of PFC materials [1, 2] .
One of the issues in the development of PFCs is the retention of H isotopes (namely tritium) [3] , originating from the trapping of plasma components on pre-existing (i.e. natural) and radiation-induced lattice defects. Without neutron irradiation, experiments involving mixed ion beam and plasma accelerators have shown that under mixed H-He exposures the interplay between H isotopes and He might have a significant effect on the enhancement of H retention [4] [5] [6] [7] [8] . Moreover, continuous production of displacement damage by neutron scattering will generate lattice defects serving as traps for H and He, and acting as obstacles to dislocation motion thereby further reducing the ductility of tungsten [2] . Trapping of H and He at natural and radiation-induced defects as well as irradiation embrittlement takes its origin at the nano-scale and therefore a good understanding of these phenomena should correspondingly be achieved at the atomic level. This is why the development and application of atomistic tools for W-based systems have recently received essential attention, for example in [9] [10] [11] [12] [13] .
Theoretical attempts to study the synergy between H and He is so far limited to density functional theory (DFT) studies regarding the stability of vacancy-hydrogen-helium (VH l He m ) clusters [14] [15] [16] . Due to the computational limitations of DFT calculations only elementary clusters containing a single vacancy were considered. However, there is the essential desire to extend our knowledge to the stability and mobility of larger V k H l He m clusters (i.e. for k, l, m 1) as their formation certainly occurs under high flux plasma exposure, which typically leads to the formation of well-resolved bubbles and blisters. Also, the study of H and He accumulation near extended lattice defects, such as dislocation lines, dislocation loops and grain boundaries and their effect on dislocation movement are outside the scope of DFT calculations. Therefore, all such studies require large scale atomistic simulations employing semi-empirical interatomic potentials that are known to offer an acceptable compromise between computational efficiency and physical reliability. For the development of such potentials, DFT data serves as a guide.
In this work we develop an embedded atom method (EAM) potential for the ternary W-H-He system. The potential is benchmarked against available DFT data from the literature and its performance is compared with the only ternary WHHe potential available so far: the bond order potential (BOP) by Li et al [9] . As a first step, we apply the developed potential to extend the information about the thermal stability of V k H l He m clusters beyond the scale accessible to DFT calculations. For convenience and further use in kinetic mean field theory or object kinetic Monte Carlo models, the results are formatted within a frame of a simple yet accurate liquid tear drop (LTD) model. The paper is organized as follows. In section 2 we explain the fitting strategy followed to fit the potentials and the procedures applied to obtain the binding energy of any V k H l He m cluster. In section 3 we validate the potential by making one-to-one comparisons with both BOP and DFT data. In section 4 we present and discuss the results concerning the stability of V k H l He m clusters. The paper is finalized by conclusions.
Methodology
In the literature, many EAM type interatomic potentials for bcc W are available, see e.g. [10] [11] [12] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . A critical review assessing their strengths and weaknesses is given in [13] . For this work, we selected the one, which gives the best 'global performance', i.e. 'EAM2' from the work of Marinica et al [11] . As key features, this potential provides elastic constants, point-defect, edge and screw dislocation properties as well as grain boundary energies consistent with DFT calculations or experiments (see [13] for more details).
In the literature three semi-empirical potentials exist for WHe [10, 31, 32] and two for WH [33, 34] . From those potentials, the ones by Wilson et al [31] and Henriksson et al [32] predict opposite stability for He in an octahedral and tetrahedral position. The one by Juslin and Wirth [10] provides a He migration barrier of 0.21 eV, which overestimates the DFT value (0.06 eV) by more than a factor three. The WH potential by Juslin et al [33] , on the other hand, predicts the < 1 1 0 > dumbbell self interstitial be more stable than the < 1 1 1 > one in bcc W, which is in contradiction with DFT data (see [13] and references therein). The one by Li et al [34] is part of the ternary WHHe BOP that is used as a benchmark throughout this work. At this point we also note that none of the potentials for pure W used in the above works reproduce the key features as good as 'EAM2' by Marinica et al [11] . In addition, a 1/2 < 1 1 1 > screw dislocation in bcc W relaxed by BOP provides a threefold degenerate core structure, which is contradictory to DFT results [35] and 'EAM2' by Marinica et al [11] .
The H-H interaction in bulk W is essentially different from its description in vacuum. In vacuum, two H atoms form the strongly bonded H 2 molecule (E b = 4.75 eV) [33] . In bulk W, on the other hand, two H atoms exhibit repulsion or weak binding [14] as they cannot form the strongly bonded H 2 molecule due to interactions with the surrounding W atoms. The modulation of such behaviour within the EAM frame work is difficult to achieve. Therefore, we chose to focus on the effective interaction of H (and He) in bulk W. As a consequence, the here derived potentials for H and He should not be used in vacuum.
We have fitted two sets of WHHe potentials, namely, EAM1 and EAM2. Both potentials were fitted to reproduce the relative stability between tetrahedral (T) and octahedral (O) sites as well as between tetrahedral and < 1 1 0 > dumbbell position, with the latter serving as saddle for T-T migration. In addition, the binding between H-H, He-He and H-He pairs in bulk W and the binding between vacancy-H and vacancyHe pairs were fitted. For EAM1, emphasis was put on a quantitative reproduction of DFT data of the binding between H-H, He-He and H-He pairs. The off-centre position of a H atom in a vacancy as predicted by DFT [36] was not considered, and therefore both H and He are described by pair potentials only. For EAM2 we focussed on stabilizing H in an off-centre position in the vacancy and therefore an embedding function was added for H. For both H and He no density function is defined, i.e. only W adds to the electron density at a given site and there is no contribution to it by H or He. The optimized parameters for both EAM1 and EAM2 are reported in appendix A.
The total binding energy of a V k H l He m cluster, E tot b , was calculated as,
Here E(W) is the total energy of the perfect bcc W crystal, In our study, we have considered V k H l He m clusters containing up to 12 vacancies (in the most compact configuration) with a H to V ratio, x H , and He to V ratio, x He , in the range 0.1-6. For the selected maximum number of V, x H and x He , the sequential binding energy of a V, H and He to a V k H l He m cluster saturates, respectively, so no larger clusters need to be addressed. In total, 2087 different V k H l He m clusters were considered. In each cluster the H and He were introduced at random (with a maximum of 6H/He per vacancy) and the configuration was relaxed ten times using a quench method with a molecular dynamics (MD) run at 300 K for 1 ps in between each quench down to 0 K. The latter procedure allows the system to evolve out of local minima and was tested to provide an absolute minimum in the case of the single vacancy. For each configuration, the lowest of the 10 values for the total energy was retained. For all runs, a cubic bcc W crystal was used containing 2000 atoms with periodic boundaries in all directions.
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Validation of the potentials
In table 1 the point defect properties of H and He in bcc W calculated with our potentials are compared to DFT [14] and BOP [9] . Clearly, DFT predicts the tetrahedral position to be the most favourable for both H and He, which is reproduced by all potentials. In addition, all potentials predict the correct ordering in interstitial formation energies, although EAM1 and EAM2 show the best quantitative agreement with DFT. With respect to the binding energy between a H or He to a vacancy, both EAM1 and EAM2 closely reproduce the DFT values, while BOP underestimates and overestimates the binding for H and He, respectively. The migration energy for H is well reproduced by all potentials, but the one for He is only reproduced by EAM1 and EAM2, and underestimated by BOP by a factor three.
In considered configurations are taken from [14] and only the final distance between the pairs is considered. As with both DFT and the potentials the distance between H and He pairs changes considerably during atomic relaxation, a comparison of binding energy with distance is more sensible than a In figures 4 and 5 the binding energy of a H and He atom to VH l He m clusters calculated by the potentials and DFT [14] is compared. The DFT results show that He is bound stronger than H to the same VH l He m cluster by roughly a factor four. For both H and He, the binding energy slightly decreases with increasing cluster size. For EAM1, the values for the binding energy are within the DFT range, but with increasing He content, the binding of He to the cluster does not decrease. For EAM2, the values for the binding energy are also within the DFT range, and qualitatively, also the binding energy decreases with cluster size. For BOP, the binding energy for H is overestimated by about a factor two, but for He, on the other hand, the values lay within the DFT range. Qualitatively, BOP reproduces the decrease in binding energy with cluster size.
Binding energy of VH l He m clusters
From the results presented in section 3 with respect to VH l He m clusters, EAM2 seems the most suitable to extend the calculations to VH l He m clusters. In figure 6 , the data as calculated by molecular dynamics (MD) is presented as scatter for clusters containing 2, 4 and 6 vacancies. For both interand extra-polation purposes, we have fitted a 3D hyper surface based on a LTD model to represent the data, as detailed in appendix B. From this function, all sequential binding energies can easily be derived. Projections for clusters containing 2, 4 and 6 vacancies are superposed in figure 6 . The average deviation between raw data and fitted surface is ∼10%, which is acceptable for a simple LTD model.
As an additional validation of the model, we show the binding energy of a He atom to a VHe m cluster ( figure 7(a) ) and of a H atom to a VH l and VHeH l cluster ( figure 7(b) ) computed with the LTD model, DFT and EAM2. For VHe m , the LTD model slightly overestimates the DFT and EAM2 results, but agreement is nevertheless satisfactory. For VHeH l and VH l , the difference between the DFT data sets (and EAM2 data sets) is negligible. This trend is followed by the LTD model, although the values are somewhat underestimated. Considering all approximations, we find the LTD model satisfactory and this enables to extrapolate to larger V k H l He m clusters.
In figure 8 we present the dissociation energy of a V, H and He in a VHHe cluster as a function of x H and x He for the limiting cases of clusters containing two ( figure 8(a) ) and 12 ( figure 8(b) ) vacancies. The dissociation energy was obtained in the standard way as the sum of the sequential binding energy of a V/H/He atom to the cluster and its migration energy. For a vacancy the sequential binding energy is obtained as, [13] , which is within the range of experiments and DFT calculations [13] .
We observe that for both limiting cases the binding energy of H is lower than that of a V or He for all x H and x He combinations, consistent with the single vacancy case (see figures 4 and 5) . This implies that any VHHe cluster formed in W will first release all H before releasing a He or V. For VHe clusters, an optimum x He exists above which He dissociates from the clusters and below which a V dissociates from the cluster. This optimum, indicated by the dashed line in figures 8(a) and (b), depends slightly on x H and the number of vacancies in the clusters. The optimum point slightly increases with increasing x H and saturates from ∼2 for two vacancies to ∼1 for six vacancies and more. In addition, the sequential binding of H to a cluster decreases with increasing number of vacancies while the sequential binding of He to the cluster increases with the number of vacancies. For the sequential binding energy of a vacancy the slope of the surface gets steeper with increasing number of vacancies.
Conclusions
We have developed two versions of a EAM potential for large scale atomistic simulations in the ternary W-H-He system. Both potentials reproduce key interactions between H, He and point defects calculated by DFT. We applied the potentials to compute the dissociation energy of various VHHe clusters of nano-metric size and parameterize a simple liquid-tear drop model applicable to up-scale mean field or kinetic Monte Carlo simulations. The obtained results show that the dissociation of mixed VHHe clusters primarily takes place by emission of H, whose trapping energy is not essentially changed by the presence He in the clusters. Hence, the H-He interaction does not affect the thermal stability of H in the vacancy-stabilized H-He clusters. Therefore we conclude that the origin of the H-He synergy expressed by the enhanced H uptake should be investigated at the stage of the nucleation of H-He defects.
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Appendix A. Parameterization interatomic potential
The atomic interactions are described using the EAM [37] . In addition to pair interactions, V , this approach includes an embedding energy, F , dependent on the local electron density, ρ. The latter term approximates the many-body contribution of all nearby atoms. The total energy within EAM is given as,
Here N represents the total number of atoms in the system, r ij is the distance between atoms i and j , and t i denotes chemical species. The local electron density around atom i, Table A1 . Spline coefficients for the modified embedding function, F mod .
Spline coefficient contributed from its neighbours is given as,
where ϕ denotes the electron density function of the considered element. For pure W, 'EAM2' developed by Marinica et al [11] was used. However, we apply some minor modifications that do not modify the potential's properties but exclude possible future problems when W is alloyed (with e.g. Ta, Re, . . . ). Firstly, we transform the potential into its effective gauge [17, 38] , characterized by an equilibrium density ρ 0 = 1 and F eff (1) = 0. The gauge transformation is given as,
with C = 1.848055990E + 00 and S = 2.232322602E − 01. After this transformation, the embedding function, F eff , was modified beyond the inflection point to provide a positive curvature for all densities. The modified embedding function, F mod , is then defined as, 
where N denotes the total number of knots, r k the knots, a k the fitting parameters and H the Heaviside unit step function. The embedding function for H (EAM2) is parameterized as,
with A = −2.610066441E + 01 and B = 4.688963869E − 01. The optimized knots and fitting parameters for the pair potentials are given in table A2. We note that for both H and He no density function is defined, i.e. only W adds to the electron density at a given site and there is no contribution to it by H or He.
Appendix B. Parameterization of the total binding energy of V k H l He m clusters
The total binding energy of V k H l He m clusters was parameterized by a mixture of a LTD model and RedlichKister (RK) expansion. The LTD model consists of two terms: one proportional with volume, expressing the energy gain of the defects clustering together; and one proportional with interface area, expressing the energy loss due to the interface created between matrix and defect cluster. A RK expansion is 
The optimized parameters for this expression are given in table B1.
